Using photoelectron spectroscopy and first principles molecular orbital calculations, we report the first observation of an abrupt change in the electronic structure of W 4 O À m (m 6 6) clusters at m ¼ 5 which is well below the bulk stoichiometric composition of tungsten oxide (WO 3 ). The signature of this onset is established from an anomalous increase in the vertical detachment energies (VDE), adiabatic electron affinities (AEA), and the energy gaps between highest occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO). These changes are also accompanied by the cleavage of 50% of the W-W bonds and localization of electron charge density in W 4 O 5 cluster. Ó 2004 Elsevier B.V. All rights reserved.
Atomic clusters, which constitute a new phase of matter intermediate between atoms and solids, have attracted considerable interest from researchers over the past three decades. One of the reasons for this continued interest is that clusters can illustrate the evolution of bulk properties one atom at a time. In small clusters the electrons occupy discrete molecular energy levels that are well separated from each other. In addition, a significant gap exists between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). As clusters grow, these separations, particularly near the HOMO, become increasingly small. Eventually the energy levels of the cluster would resemble the energy bands of the corresponding solid. The most often asked question in this regard is: When is a metal a metal? Arguably, this is a difficult and sometimes ambiguous question since the answer depends on how one defines a metal or a semiconductor atomic cluster. Nevertheless several investigations have been carried out in Hg [1] and Mg [2, 3] clusters to address the issue of a change in the electronic structure from insulating to metallic behavior as a function of size. One could argue that when the HOMO-LUMO gaps become small compared to the temperature, the cluster would exhibit metallic behavior. However, as has been seen in Mg clusters [2, 3] , the HOMO-LUMO gaps open and close with electronic shell closure. Thus, one cannot conclude that a smaller cluster with nearly vanishing HOMO-LUMO gap is metallic while the larger cluster with a non-zero HOMO-LUMO gap is like a semiconductor.
Although it is difficult to clearly label a small atomic cluster as a metal or a semiconductor, there are signatures that distinguish between clusters composed of metal or semiconductor elements. For example, the HOMO-LUMO gaps of clusters of metallic elements tend to be smaller than those of semiconductor elements. Similarly, the electron density distribution of clusters of metallic elements do not show the same degree of directional bonding as is evident in clusters of covalently bonded atoms. In addition, clusters of metallic elements exhibit many low lying isomers (a consequence of flexible bonding characteristics) while the numbers of such isomers of covalently bonded elements are few. Thus based upon these identifying features, one can label the electronic structure of a cluster as ÔmetalÕ-like or ÔsemiconductorÕ-like.
In this Letter, we address this issue by concentrating on tungsten oxide clusters. In particular, we start from a W 4 cluster and study the evolution of its electronic structure as a function of oxygen uptake. We recall that bulk tungsten oxide, which exists in the formula unit WO 3 , is a semi-conductor with a large indirect band gap of 2.62 eV [4] . As oxygen atoms are added to W, at a certain oxygen composition the metal-metal bonds will break and metal-oxygen bonds will form. The resulting bulk metal oxide will then become a semi-conductor or insulator. Note that tungsten oxide remains metallic until a composition of WO 2:72 . Similarly if one starts with a tungsten metal cluster and exposes it to an increasing amount of oxygen, eventually all metal-metal bonds will break and an oxide cluster will emerge with a large HOMO-LUMO gap, signifying the transition in their electronic structure. The questions are: at what metal-oxygen composition in clusters does this transition take place? Is this composition the same as that in bulk metal oxide? While significant amount of work has been done on metal-oxide clusters [5] [6] [7] [8] [9] [10] [11] [12] [13] , no satisfactory answers to the above questions exist.
We have studied this problem by using a combined experimental and theoretical approach. The experiment involves photoelectron spectroscopy of W 4 O À m (0 6 m 6 6) cluster anions while the theory is based on selfconsistent field-linear combination of atomic orbitalsmolecular orbital (SCF-LCAO-MO) method within the framework of density functional theory (DFT) and generalized gradient approximation (GGA) for exchange-correlation potential. The calculated adiabatic electron affinity (AEA), vertical detachment energies (VDE), and the HOMO-LUMO gaps corresponding to the ground state and low-lying isomers are compared with the experimental data. We find a correlation of AEA, VDE, and HOMO-LUMO gaps with the underlying geometries of the metal oxide clusters as a function of oxygen uptake. In particular, the HOMO-LUMO gaps are small for the bare metal cluster up to an oxygen uptake of m ¼ 4 (a characteristic of ÔmetalÕ-like behavior) and then increase abruptly at m ¼ 5 (a characteristic of ÔsemiconductorÕ-like behavior). This is accompanied by similar variations in the AEAs and VDEs. A study of our optimized geometries shows that at W 4 3 . In the following we provide details of our experiment and theory and a discussion of our results.
The experimental set up has been described in detail elsewhere [14, 15] . W n anions are produced with a PA-CIS (pulsed arc cluster ions source) and mass-selected using a reflectron time-of-flight spectrometer (mass resolution m=Dm ¼ 400). Molecular oxygen is inserted into the extender to generate W n O À m clusters. A considerable amount of molecular oxygen is dissociated in the electric arc and, therefore, oxygen atoms are present in the source and for W 4 O À m clusters all possible values of m between m ¼ 0-12 are observed. The vibrational temperature of the clusters is estimated to be about room temperature. A mass-selected bunch is irradiated by a UV laser pulse (hm ¼ 4:66 eV) and the kinetic energies of the detached electrons are measured using a Ômagnetic bottleÕ-type time-of-flight electron spectrometer. The energy resolution is about 2% corresponding to 20 meV at a kinetic energy of 1 eV. The resulting photoelectron spectra provide information on the electronic structure of the clusters. For example, the peaks in the spectra correspond to vertical transitions from the anion ground state to the allowed states of the neutral having the same geometry as the anion. These transitions occur from the ground state of the anion with spin multiplicity of M, to the neutral with spin multiplicity of M 0 ¼ M AE 1. The peaks in the spectra can be broad following transition from the anion to the electronic and vibrational excited states of the neutral if the ground state geometries of anion and neutral are very different.
The photoelectron spectra also provide an estimate of the size of the HOMO-LUMO gaps of the neutral clusters in the geometry of the anion. The peak at lowest binding energy corresponds to the transition to the ground state of the neutral cluster, while the peak next higher in energy corresponds to the transition to the first excited state of the neutral both at the anion geometry. The distance between the two features is assigned to the energy of the first excited state of the neutral, which corresponds in the language of solid state physics to the semiconductor band gap. In molecules, this excitation energy strongly correlates with the HOMO-LUMO gap [16] . These two quantities are equal in the frozen orbital picture. The HOMO-LUMO gap is usually defined as the energy difference between the HOMO and the LUMO in the neutral ground state. The binding energies of both orbitals change due to relaxation and correlation effects, if one electron is excited from the HOMO into the LUMO, which is the first excited state of the particle. In the frozen orbital picture, these effects are neglected.
In Fig. 1a we plot the photoelectron spectra of W 4 O À m (0 6 m 6 6) clusters. The spectra of W 4 are characterized by a somewhat broadened single peak lying at 1.79 eV. The adiabatic electron affinities that measure the energy difference between the ground states of the anion and neutral are also given in Table 1 . We note that the electron affinity and vertical detachment energies increase significantly from W 4 to W 4 O. As subsequent oxygen atoms are added, there is a monotonic increase in VDE and AEA which is characteristic of metal-like behavior [5] [6] [7] [8] 12, 13] . However at W 4 O 5; there is an abrupt increase in both VDE and AEA. This trend is also seen in the HOMO-LUMO gaps in Table 1 .
To understand the correlation between these energies and the underlying bonding characteristics, accurate information on the equilibrium geometries of these clusters is needed. No experimental technique exists at this time to provide such information. The only route to obtain information on geometry is through theoretical calculation. We describe that procedure in the following and validate the accuracy of our calculation by comparing calculated electron affinities, vertical detachment energies, and HOMO-LUMO gaps with the experimental data.
We have used the self-consistent field-linear combination of atomic orbital-molecular orbital (SCF-LCAO-MO) approach. The total energies are calculated using DFT and Becke, Perdew, Wang prescription (commonly referred to as BPW91) for the generalized gradient approximation (GGA) for exchange-correlation potential. The atomic orbitals are represented by a Gaussian basis. We have used the 6-311G* basis set for oxygen and the Stuttgart relativistic effective core potential basis set for tungsten [17] . The structures for the anion and neutral clusters were optimized without symmetry constraint using the GAUSSIAN AU SSIA N 98 code [18] . Several starting configurations were used in the geometry optimization of each cluster. These included oxygen bonded to the on-top site, bridge site, interior site, as well as inserted into metal-metal bonds. As oxygen concentration increases, we allowed the possibility that different oxygen atoms can bind to different sites as well. The converged energies not only allow us to determine the ground state of the anion and neutral clusters, but also to identify their low-lying isomers. The details of these results will be published elsewhere. In the following we only discuss the salient features of our results.
We first discuss the geometries of the anionic and neutral W 4 O m (0 6 m 6 6) clusters. These are given in Fig. 1c,d , respectively. The ground state of W À 4 has two energetically degenerate structures: a perfect tetrahedron with T d symmetry and a Jahn-Teller distorted structure (bent rhombus) with D 2d symmetry. The ground state of neutral W 4 also exhibits two nearly degenerate structures. The isomer displayed in Fig. 1d has tetrahedral structure and lies 0.12 eV above the D 2d ground state structure. It should be noted that the quantitative accuracy of our calculated results is limited by the choice of exchange-correlation energy functional, the lack of a full relativistic treatment of tungsten, and the basis sets. From a systematic comparison of our theory with experiment which will follow, we set the limit of the accuracy of our calculated results at 0.2 eV. Thus any isomer that lies within this energy range from the ground state can be regarded as nearly degenerate and could very well be observed experimentally. W 4 O À cluster possesses two nearly degenerate structures: in both these structures the oxygen is bonded to a single metal atom at the on-top site but their spin multiplicities are different. The ground state is quartet while the doublet state lies only 0.2 eV above it. The neutral W 4 O also exhibits two nearly degenerate structures, but here the oxygen bonded to the on-top site lies 0.10 eV above the bridge bonded ground state structure. The anionic and neutral W 4 O 2 clusters exhibit unique ground state geometries with the next higher energy isomers lying respectively 0.54 and 0.38 eV above ground state structures. W 4 O À 3 has two nearly degenerate structures. The isomer with all bridge bonded oxygen is 0.14 eV above the ground state structure where all the oxygen atoms are bonded to the on-top site. In Fig. 1c we give the bridge bonded isomer instead of the ground state structure. As we will discuss later the transition energies of this isomer are consistent with experiment, and according to our calculational accuracy, it is energetically degenerate. The neutral W 4 O 3 has a clearly defined ground state where all the oxygen Table 1 Calculated and experimental vertical detachment energy (VDE), adiabatic electron affinity (EA), and HOMO-LUMO gap (in eV) as a function of oxygen uptake
Quantity
Oxygen content The energy difference between the two transitions given in Fig. 1b are listed in Table 1 . This has been identified in the experiment as the HOMO-LUMO gap. We note that these energies are around 0:2 $ 0:3 V for W 4 [19, 20] .
Bulk WO 3 consists of octahedral WO 6 building blocks. Each W atom is surrounded by six oxygen atoms forming an octahedron and neighboring octahedra share the corner oxygen atoms. For WO 3 clusters on surfaces, three-membered rings of such octahedra are observed [21] . The three W atoms are connected via oxygen atoms forming a regular triangle with W-O-W sides and each W atom has two O atoms bound on-top in plane. Most likely, this is the structure of W 3 O 9 too, which is the most abundant product from Knudsen cell effusion of bulk WO 3 [22] . W 4 O 5 and W 4 O 6 have a similar triangular structure with the W atoms connected by O bridges (Fig. 1 ). This triangular motif seems to be a preferred structure of WO 3 . As in the case of C 60 , a peculiar geometry combined with a high symmetry result in a large HOMO-LUMO gap and a high stability of W 4 O 6 .
In summary we show, through a combined experimental and theoretical study, that the electronic structure of W 4 O m clusters undergo a transition from ÔmetalÕ-like to ÔsemiconductorÕ-like behavior with oxygen uptake at m ¼ 5. This composition (125% of oxygen) occurs well below the bulk composition of tungsten oxide, namely 300% of oxygen. This shows that atomic clusters with most of their atoms on the surface react differently with oxygen than their bulk does. Since bulk metal-oxide play an important role in catalysis, it is possible that metal-oxide clusters may have unique catalytic properties, but at much smaller oxygen composition. In addition, we have shown that a systematic study of the vertical detachment energies, adiabatic electron affinities, and HOMO-LUMO gaps could be used as characteristic signatures to identify changes in the nature of bonding.
